Introduction
Characterizing emissions from open area sources such as fires poses unique challenges to fully quantifying the release of pollutants over a wide area. Short of sampling the whole emission plume, the carbon balance method (Nelson, 1982) is often used for combustion sources. The carbon balance method relies on sampling a subset of the emissions and relating that value back to the original fuel. The method employs co-sampling the target emissions along with carbon species such as CO 2 and CO and, with knowledge of the carbon content in the combustible fuel, allows calculation of an emission factor as mass of pollutant per mass of combusted fuel. These emission factors are used in dispersion models (for example Bjorklund et al., 1998) to predict exposure and environmental deposition as well as in emission inventories to set source priorities.
The challenges of sampling open area combustion sources include representative sampling of a wind-driven, mixing, and convective plume. Proximity to the source may present hazards to personnel and equipment alike. Sampling at a distance raises challenges of securing sufficient sample to exceed detection limits from a diluted plume. Solutions to quantifying these hard to sample sources often include aerial sampling of the plume. Airplanes equipped with gas samplers (Yokelson et al., 2013; Burling et al., 2011) have used the carbon balance method and plume transects (Lavoie et al., 2017) to determine emission factors. Tethered aerostats (helium-filled balloons) equipped with gas/particle samplers have been employed for oil fires at sea (Aurell and Gullett, 2010) , prescribed forest fires (Aurell et al., 2015a) , and open burning and open detonation of military ordnance (Aurell et al., 2011 (Aurell et al., , 2015b . Both aerial sampling technologies have disadvantages. Airplanes can be expensive and can require long lead times to schedule. The speed of airplanes can limit the transect residence time in narrow plumes, limiting the sample size, resulting in non-detects. Many emission source types preclude the use of low-flying aircraft. Aerostats solve some of these issues but present other difficulties including the presence of obstacles to tethers, the need for a large ground-based crew, safety considerations, logistical issues such as the supply of helium cylinders, and limited freedom of movement.
The confluence of developments in global positioning system (GPS) technology, battery power density, miniaturization of circuitry, small gas sensors, carbon fiber materials, 3D printers to create custom structures, and unmanned aerial system (UAV) technology have erased many of the barriers to aerial emission sampling. Recent advances have demonstrated the use of UAV for atmospheric (Peng et al., 2015) , laboratory-generated (Alvarado et al., 2017) , and surf zone (Brady et al., 2016) particulate matter (PM) distributions. Volcano measurements of sulfur gas species have been measured by sensor-equipped UAVs (McGonigle et al., 2008; Shinohara, 2013) . Multisensor-equipped UAVs have been tested on a stationary diesel engine (Villa et al., 2016) and on a roadway tunnel (Chang et al., 2016) .
Applications to field sources involving multiple pollutant types, particularly trace air toxics, and determination of source emission factors, are not yet demonstrated. Preliminary laboratory and field results of a UAV-based emission sampler measuring open area combustion emissions showed emission factors consistent with those from an aerostat-lofted system (Zhou et al., 2016) . This current paper extends this work, describing field applications of a more comprehensive UAV-based sensor/sampling system (termed the "Kolibri") for characterizing gas and particle emissions from open area sources. Sensors/samplers included CO, CO 2 , and particulate matter (PM 2.5 ), and novel measurement of metals, chloride, perchlorate, volatile organic compounds, chlorinated dioxins/furans, and nitrogen-based organics. The system performance is demonstrated at three military open burn campaigns at the Radford (Virginia) and McAlester (Oklahoma) Army Ammunition Plants (RFAAP and MCAAP, respectively) where hazardous, obsolete, and off-specification ordnance is demilitarized. These open area sources are particularly challenging, as the events are short in duration, typically less than 5 s, and the rapid heat release gives rise to a fast-moving, convectively-driven plume. The potential hazards to personnel and equipment require careful consideration. These challenges have been successfully addressed with the use of a highly mobile UAV coupled to an instrumented system with fastresponse/recovery sensors and high throughput samplers. The performance of the UAV is characterized by its ability to maneuver into the plume, maintain position, and follow the wind-driven plume. The functioning of the Kolibri system is described in terms of concentration determinations and emission factor reproducibility.
Method
The Department of Defense enlisted NASA to fly their UAV into the plumes from open burning of obsolete and hazardous military ordnance while carrying a lightweight battery operated system of gas and particle samplers/sensors (termed the "Kolibri") developed and operated by the U.S. Environmental Protection Agency (EPA) and the University of Dayton Research Institute (UDRI). The systems were used at two test sites in Virginia and Oklahoma, USA.
Test sites and materials
Both tests sites were U.S. Army ammunition facilities. The Radford Army Ammunition Plant (RFAAP) is located in the rolling hills of southwest Virginia, approximately 5 km northeast of the city of Radford, Virginia (37 11 0 35.93 00 N; 80 31' 16.35 00 W). RFAAP lies along the New River in the relatively narrow northeastern corner of the valley. The RFAAP site consists of eight pairs of burn pans in a 420 m row. Trees and a river parallel the burn pan row, separated by approximately 15 m. On the other side of the pan row, a treecovered ridge forms the other side boundary, approximately 65 m from the pans. The pans were loaded with off-specification rocket motor propellants and manufacturing process waste ("skid" waste).
The second sampling site is located at the McAlester Army Ammunition Plant (MCAAP). MCAAP is in central Oklahoma, approximately 220 km south of Tulsa (34 48 0 50 00 N; 95 54 0 28 00 W). The site's terrain is fairly level, surrounded by fields, and centrally located between pine forests, with the shortest distance from the pan site to the tree line being 142 m. MCAAP conducts open burning of projectile propellants that are excess, obsolete, or unserviceable.
RFAAP's rocket motor propellants consist primarily of nitrocellulose and nitroglycerin (NG); sampling targeted residual nitrocellulose and other nitroaromatics to evaluate the presence of unburned propellant and its combustion byproducts. The rocket motor propellants were bagged and placed into a 5 m Â 2 m pan after which they were remotely ignited using an electric arming and ignition coil. Typically, a total of about 1300 kg of propellant was placed in the three pans which were ignited over the course of an hour. The skid waste contained a variety of waste materials from propellant manufacture totaling between 227 and 736 kg. To assist the skid waste combustion, wood pallets, corrugated cardboard sheets, and diesel fuel were added to each pan. The skid waste pans were similarly ignited remotely but in three single-pan burns per day. Eight days of testing at RFAAP in a two-week period saw 25 UAV/Kolibri plume sampling flights. The total flight time including UAV test flights was 7 h 30 min.
MCAAPs open burning material consisted of projectile propellants (155 mm, M67, and M17). The open burn (OB) grounds consist of five pad locations, each with five pans. The propellant burn is initiated by igniting a detonation cord fuse which serves as a timer. Burns consisted of 360 kg of propellant in each pan. Fourteen days of testing resulted in 32 UAV/Kolibri sampling flights at MCAAP. Including UAV tests flights, a combined flight time of 8 h 55 min was undertaken.
The unmanned aerial vehicle
NASA's UAV is a DJI Innovations Matrice 600 (M600) hexacopter with 44.5 cm arm length, 32.7 cm center frame diameter, and 55.4 cm height, including landing gear (Fig. 1) . The M600 is powered by six 22.2 VDC lithium polymer batteries. The aircraft weight is 9.1 kg, and it has a 15.1 kg maximum acceptable gross take-off weight. The maximum transmission distance is 5 km with a Class G airspace maximum operating altitude of 122 m. An in-field test of transmission capability showed no loss in signal strength at a distance of 1025 m. The height accuracy is ± 0.1 m from a barometrically-corrected global position satellite (GPS) readout. The M600 is equipped with the A3 Flight Controller with ground control station and remote control stick functions, using a Lightbridge 2 link 2.4 GHz telemetry system. The A3 autopilot supplied by DJI displays voltage, GPS signal strength, and telemetry in real time. The A3 uses a multi-rotor stabilization controller for navigation, flight controls, and autopilot with an inertial measurement unit (IMU) and GPS. The M600 can fly preprogrammed flight paths or be manually controlled by the pilot. The pilot can initiate an automatic controlled or manual landing. The unit has a return-tohome function when the batteries reach a preset charge threshold. An array of automatic response actions covers all event contingencies such as loss of Command & Control signal, loss of GPS signal, geofence breach, propeller/motor failure, or low voltage. The M600 has navigational LED lights for night time, line of sight operation. The combined UAV and emission sampling payload, flight procedures, safety review, and operating procedures were certified for aircraft worthiness by NASA Ames' Air Flight Safety Review Board (AFSRB) and Flight Readiness Review Board (FRRB).
Emission targets and sampling method
The target emission species for both sites and associated sampling and analytical methods are included in Table 1 .
The Kolibri sensor/sampler
The Kolibri system is comprised of lightweight samplers, pumps, sensors, a GPS unit, a microcomputer, and a radio module surrounded by a carbon fiber frame (detailed in Zhou et al., 2016) . The samplers and sensors were selected based on weight, power needs, and function, the latter particularly in regard to response time and recovery time, as plume sampling often involves rapid swings from ambient to elevated pollutant concentration levels. Two basic configurations of the Kolibri ("Oden" and "Loke") sample multiple pollutants; weight limitations preclude including all of the current samplers/sensors on a single model and some analytes require the same pump, precluding simultaneous sampling. Oden can be outfitted with any of the sensor/samplers except for the semivolatile sampler which is included on Loke. Both Kolibris require CO 2 and CO sensors so that pollutants can be measured in a ratio to sampled carbon. Then, with knowledge of the fuel's carbon composition, the pollutant per mass of fuel or emission factor, can be determined.
Typical Kolibri configurations for Oden weigh 3.2 kg within a 16.5 cm Â 17.8 cm x 31.7 cm volume. Loke contains the larger pump motor for sampling air at a high flowrate (550 L min À1 ) so its weight is 4.6 kg within a 21.6 cm Â 26.0 cm x 45.7 cm volume. Kolibri units were secured to the base of the M600 using custom carbon fiber mounting plates and eight (8) ¼-20 stainless steel machine screws and hex nuts. Non-sampling tests for flight endurance to 20% depth of battery discharge determined flight time limits to be 17 and 25 min for the Oden and Loke Kolibri sampler payloads, respectively. The Kolibri's data acquisition system (DAS) consists of an onboard Teensy USB-based microcontroller board (Teensy 3.2, PJRC, LLC, Sherwood, OR, USA) running an Arduino-based data acquisition and control program ("TeensyDAQ"). The main assignment for the TeensyDAQ is data logging, and data transmission (1 Hz). The Kolibri main printed circuit board (PCB) consisting of the Teensy microcontroller, connectors, and voltage regulators provides regulated voltages for all the electrical components in the sensor package. Data were stored on board the system using a Teensy universal serial bus (USB)-based microcontroller board (Teensy 3.2, PJRC, LLC, Sherwood, OR, USA) running an Arduino based data acquisition and control program ("TeensyDAQ"). Also included in the DAS is a ground-based computer that is running "KolibriDAQ", a Labview-generated data acquisition and control program, which is used to view live data and run/control the onboard TeensyDAQ via a XBee wireless network (Xbee S1B (2.4 GHz) or S3B (900 MHz), Digi International, Inc., Minnetonka, MN, USA). The XBee wireless network allowed two-way communication for control of samplers (on/off) to minimize sample dilution with ambient air. The Kolibri sampler/sensor system was controlled by a ground operator who received real time CO 2 concentrations (~4 s lag) that further helped position the UAV in the combustion plume. The KolibriDAQ plots real time CO 2 and CO data, displaying sampling time, VOC sampling volume, and performing real time calculations to estimate the total amount of gaseous carbon sampled for the energetic sample. This allows the operator to assess whether sufficient sample volume was collected for each test. Additional details are available from a previous publication (Zhou et al., 2016) . During the Radford and the first McAlester campaigns, we discovered that the DJI flight control radio interfered with the Kolibri telemetry radios, causing a reduction in communication range. To address the problem, the Kolibri Digi radios were switched from the 2.4 GHz to 900 MHz bands.
The PM, CO, and CO 2 sensors/sampler (described more fully elsewhere Zhou et al., 2016) consisted of an inertial impactor (SKC, Eighty Four, PA, USA) operating at 10 L min À1 with a 37 mm polytetrafluoroethylene (PTFE) filter, an electrochemical sensor (EC-4-500-CO by SGX Sensortech, High Wycombe, Buckinghamshire, UK), and a nondispersive infrared (NDIR) gas analyzer (RMT Ltd., The CO sensor (e2V EC4-500-CO) is an electrochemical gas sensor (SGX Sensortech Ltd., High Wycombe, Buckinghamshire, United Kingdom) which measures CO oxidation and changing impedance. A calibration curve calculated in the EPA Metrology Laboratory from 0 to 100 ppm resulted in ±2 ppm error using U.S. EPA Method 3A (U.S. EPA Method 3A, 1989) . As with the CO 2 sensor, CO was calibrated on a daily basis. Both the CO and CO 2 concentrations were recorded on the Teensy a USB-based microcontroller board using an Arduino-generated data program. PM 2.5 was sampled with SKC impactors (761-203B) using a 37 mm tared Teflon filter with a pore size of 2.0 mm via a constant micro air pump (C120CNSN, Sensidyne, LP, St. Petersburg, FL, USA) of 10 L min
À1
. Gravimetric measurements were made following the procedures described in 40 CFR Part 50 (40 CFR Part 50, 1987) . The constant flow pump was calibrated with a Gilibrator Air Flow Calibration System (Sensidyne LP, St. Petersburg, FL, USA).
A VOC sampler consisted of a Carbotrap 300 stainless steel TD Tube (Supelco Inc., Bellefonte, PA, USA) through which gas was sampled via a constant micro air pump at 160 mL min À1 (3A120CNSN, Sensidyne, LP, St. Petersburg, FL, USA) in accordance with U.S. EPA Method TO-17 (U.S. EPA Method TO-17, 1997). The constant flow pump was calibrated with a Gilibrator Air Flow Calibration System (Sensidyne LP, St. Petersburg, FL, USA) and is turned on and off by the operator or automatically with a user-set CO 2 concentration trigger. The Carbotrap tubes are sampled using thermal desorption coupled to gas chromatography/mass spectrometry methods as per U.S. EPA Method TO-17 (U.S. EPA Method TO-17, 1997 . Samples were cleaned up and analyzed using an isotope dilution method based on U.S. EPA Method 23 (U.S. EPA Method 23, 1991) . Concentrations were determined using high resolution gas chromatography/high resolution mass spectrometry (HRGC/HRMS) with a HewlettPackard gas chromatograph 6 890 Series coupled to a Micromass Premier mass spectrometer (Waters Corp., Milford, MA, USA) with an RTX-Dioxin 2, 60 m Â 0.25 mm Â 0.25 mm film thickness column (Restek Corp., Bellefonte, PA, USA). For analysis of tetra-through octa-CDDs/Fs, Method 8290a (U.S. EPA Method 8290A, 2007) was followed using the isotope dilution method with standards from Cambridge Isotope Laboratories Inc. (Cambridge, MA, USA.).
Metal/elemental species are analyzed from the PM collected on the filters. X-ray fluorescence spectrometry (XRF) analysis of the Teflon PM 2.5 filters used EPA Compendium Method IO-3.3 (U.S. EPA Compendium Method IO-3.3, 1999) and inductively coupled plasma (ICP) using EPA Compendium Method IO-3.4 (U.S. EPA Compendium Method IO-3.4, 1999) were used to identify metals. Specialty analyses for Chrome VI were conducted based on an EPA standard operating procedure (U.S. EPA SOP, 2006). Samples were captured on a bicarbonate-impregnated "acid hardened" cellulose filter through a filter cartridge (Chester LabNet, Tigard, OR, USA) via a constant micro air pump (C120CNSN, Sensidyne, LP, St. Petersburg, FL, USA) at 9 L min À1 . A similar sampling method was used for the collection of HCl, perchlorate, chlorate, and chloride. Methods for sampling HCl are derived primarily from the methods intended for sampling inhalable HCl to relate to exposure risk. A filter "sandwich" cassette used alkali-impregnated filters following a solid perchlorate and chloride filter (International standard ISO 21438-2:2009 ISO 21438-2: , 2009 ). HCl gas is expected to pass through the first perchlorate/chloride filter and be adsorbed by a second filter coated with Na 2 CO 3 . This second filter was analyzed for HCl by ion chromatographic methods specified in U.S. EPA Method 26. Perchlorate was sampled at 5 L min À1 through a 37 mm mixed cellulose ester (MCE) filter (0.8 mm pore size) enclosed in a closed-face cassette (SKC Corporation) using a calibrated, constant micro air pump (C120CNSN, Sensidyne, LP, St. Petersburg, FL, USA). The constant flow pump was calibrated with a Gilibrator Air Flow Calibration System (Sensidyne LP, St. Petersburg, FL, USA). Perchlorate salts are captured as a solid on the filter, which assumes no perchloric acid formation. Cassette samples were dissolved/extracted in water, an internal standard added, and then analyzed for perchlorate and chlorate with liquid chromatography/mass spectrometry (LC/MS) and for chloride with ion chromatography.
Plume sampling operations
Air sampling was accomplished by maneuvering the NASA UAV hexacopter into the plume with the EPA/ORD sampling system called the "Kolibri" straddled underneath the central axis. The UAV was launched approximately 1 min prior to the burn ignitions, set to a safe altitude, and hovered over the expected path of the plume. Heights for the UAV throughout the sampling process were 10e122 m; the UAV was made to follow the plume and, if residual smoldering was observed, brought closer to the source to capture any remaining emissions. Typical downwind distances from the UAV to the source were 50e200 m; visual contact with the UAV was maintained at all times. Optimal contact with the plume was achieved by positioning radio-equipped observers in an orthogonal position to each other and by use of a visible camera with live video transmitted to the UAV operator via the DJI Lightbridge system. The pilot was aided by a Google Earth © screen image tracking the UAV position, orthogonally-positioned spotters in radio communication, and feedback from the Kolibri system's CO 2 concentration.
Emission factor calculations
The determination of emission factors, mass of pollutant per mass of fuel burned, depends upon foreknowledge of the fuel composition, specifically its carbon concentration. The carbon in the fuel is presumed for calculation purposes to proceed to either CO 2 or CO, with the minor carbon mass in hydrocarbons, and PM is ignored. Concurrent emission measurements of pollutant mass per carbon (as CO 2 þ CO) can be used to calculate total emissions of the pollutant from the fuel using its carbon concentration.
Results and discussion
Typical UAV/Kolibri flight paths at RFAAP and MCAAP are shown in Figs. 2 and 3 , respectively. Each figure illustrates the elevation and flight time. At both sites, the Matrice pilot positioned the UAV at a safe height above and slightly downwind of the burn site prior to ignition. After ignition, the UAV was maneuvered into the plume to maximize sample collection efficiency, successfully sampling every plume. The altitude stability in the turbulent convective plumes created typical altitude variations of 1e3 m due to flow instability (qualitative observation).
For plume sampling of an OB, the mobility and positional flexibility of the UAV/Kolibri system had significant advantages over more static sampling systems, such as the tethered balloon system (the Aerostat/Flyer) documented in Aurell et al. (2011 Aurell et al. ( , 2015b . or highly mobile systems such as airplanes running plume transects (Lavoie et al., 2017) . The mobility of the UAV/Kolibri system allowed the operator to set up a takeoff zone independent of wind direction and at a safe standoff distance for personnel, saving considerable time in predicting wind direction, positioning samplers downwind of the source, and moving personnel from equipment to safe zones. The UAV/Kolibri also showed considerable x-y-z positional flexibility, allowing the operator to adjust to wind shifts and plume rise, maximizing the sampling period within the concentrated portion of the plume. The ability of the UAV/Kolibri to loiter in the plume increased the plume sampling time considerably over use of fixed wing airplanes that must deal with a few seconds of sampling through the plume before a long, looping return flight.
The performance of the UAV/Kolibri system can be assessed by comparing results with published emission factors and noting the relative standard deviation (precision) of the measurements. While limited data are available to compare the same energetic material and emissions obtained via aerial sampling, some comparisons can be made. One of the critical measures of sampling system performance is the carbon collection efficiency. The carbon collection efficiency measure reflects the ability of the UAV to be in the highest concentration of the combustion plume, measuring carbon as predominantly CO and CO 2 . We compared the performance of the UAV/Kolibri system with that of the balloon-lofted instrument package (Aurell et al., 2011) measuring the same propellant type during an open burn. The UAV/Kolibri system for sampling PM 2.5 doubled the carbon collection rate of the Aerostat/Flyer, collecting 5.2 mg carbon as CO þ CO 2 per minute for the McAlester tests. Collection rates of 5.1 mg carbon per min were obtained at Radford on the skid waste. These higher carbon collection rates indicate that the sampler is in a more concentrated part of the plume, increasing the sampling effectiveness.
The UAV/Kolibri system performance can also be assessed by comparing previous emission factors determined by the aforementioned Aerostat/Flyer to those determined using the UAV. Comparisons are made using propellants with identical composition: M67 from this work and M1 from Aurell et al. (2011) . PM 2.5 measurements (this work) are compared with PM 10 measurements in previous work (Aurell et al., 2011) without compromise as previous OB sampling has shown that these measurements are indistinct (Aurell et al., 2015b) , meaning that all of the particles are of mass median diameter PM 2.5 or less. We compared M67 propellant emission factors for PM 2.5 at McAlester versus M1 propellant emission factors for PM 10 at Tooele (Aurell et al., 2011) and versus published airplane-based sampling data (U.S. Army AMMCOM, 1992) . The airplane-based plume sampling resulted in a PM 10 emission factor of 6.9 g PM 10 kg À1 M1 (n ¼ 2, U.S. Army AMMCOM, 1992) while the Aerostat/Flyer had a value of 5.7 g PM 10 kg À1 M1
(n ¼ 1, Aurell et al., 2011) . In comparison, the UAV/Kolibri at McAlester resulted in an M67 emission factor of 4.0 g PM 2.5 kg -1 M67 (±1.2 std. dev., n ¼ 9) and 4.8 g PM TOT kg À1 M67 (±2.8 std. dev., n ¼ 4), values statistically consistent with the limited previous data. This agreement is reasonable, given uncertainties in comparable burn methods and the limited number of historical samples, but should be further compared with additional measurements. The PM 2.5 emission factor is similar to that from the UAV also suggesting that the rotor wash does not reduce the particle sampling by the inertial impactor.
Comparisons of the measurements can also be made with lead, Pb. The UAV/Kolibri emission factor is 2.4 g Pb kg À1 M67 (±0.8 std.
dev., n ¼ 9, PM 2.5 ), whereas the Aerostat/Flyer resulted in a value of 4.3 g Pb kg À1 M1 (n ¼ 1, PM 10 , Aurell et al., 2011) . The airplanebased data were below detection limit for Pb (U.S. Army AMMCOM, 1992) . Given differences in the propellant amounts and the limited number of data points, these values are tentatively comparable, pending additional data. Measurement precision can also be used to assess the performance of the sampling system. At McAlester, a total of 20 samples for PM 2.5 resulted in a sample-number-weighted relative standard deviation of 26.2%. Six samples of PM TOT resulted in a 50% RSD. Likewise, lead (Pb) emissions, determined by analysis of the PM 2.5 filters (n ¼ 17) at McAlester, resulted in emission factors with a sample-number-weighted relative standard deviation of 32.2%. VOC concentrations, sampled by a sorbent/pump system at McAlester, were measured with an average relative standard deviation of 46% whereas an evacuated canister sampler on the Aerostat/Flyer system got 54% (Aurell et al., 2011) , indicating good precision for replicates.
